Introduction
The fluctuating price of petroleum-derived fuels and the adoption of more and more severe pollutant emission regulations induced to look at biofuels as a promising alternative to conventional fossil fuels. Biofuels, mainly constituted by biomass, biogas, primary alcohols, vegetable oils, and biodiesel, offer the advantage of a renewable energy source, being derived from agricultural and plant resources, and a lower environmental impact, above all if the CO2 emission is concerned. Human activities, above all concerning the use of fossil fuels for energy production and transport sector, increased the world atmosphere CO2 concentration from 280 ppm in the pre-industrial era to the current 411 ppm (Earth's CO2 Home Page, 2018), causing the well-known global warming phenomenon. The use of biofuels in place of fossil fuels would substantially help to mitigate this phenomenon thanks to their closed carbon cycle, since the CO2 released by their combustion is absorbed by the growing plants and crops employed for their production (Srivastava and Prasad, 2000) .
Among the various biofuels, vegetable oils (both edible and non-edible) and biodiesels seem to represent the most suitable diesel fuel replacement for compression ignition (CI) engines. Vegetable oils are directly derived from crops through simple mechanical and thermal processes (Sidibé et al., 2010) , while biodiesel is obtained by the transesterification reaction, i.e., the reaction of a fat or oil (fresh or recycled) with a short-chain alcohol to form esters and glycerol (Srivastava and Prasad, 2000; Agarwal, 2007; Ong et al., 2011; Sharon et al., 2012a) . Both vegetable oils and biodiesel are biodegradable, non-toxic, and essentially free from sulphur (Srivastava and Prasad, 2000; Agarwal, 2007) , hence, they constitute a valuable and environmentally friendly substitute to fossil fuels. However, in order to be successfully employed in the current CI engines, their viscosity (which affects both jet atomization and penetration and hence, strongly influences both combustion process and pollutant formation) and auto-ignition characteristics (represented by cetane number and affects the rate of heat released by combustion) should be as near as possible to those of the ordinary diesel (OD) fuel.
In fact, biodiesel, also known as the mono alkyl ester of fatty acids, is characterized by viscosity, volatility and cetane number very close to those of conventional diesel fuel (Srivastava and (Graboski and McCormick, 1998) . These methyl esters are used in neat form or blended with OD.
The experimental results shown in the literature are really encouraging, since even without performing any injection parameters optimization for the tested biodiesels, both engine power and efficiency proved to remain comparable with those of OD. These could be explained by the favourable fuel properties and the high oxygen content of biodiesel (about 10% by weight) resulting in more efficient jet atomization/mixing and consequently more complete combustion. This in turn leads to reduced HC, CO, and PM emissions and therefore, biodiesel has the potential to reduce atmospheric pollutions when used for power generation in the transportation sector (Iodice and Senatore, 2016), especially in densely populated or industrialized areas (Iodice et al., 2018) . The most important drawback associated with biodiesel application is the moderate increase in NOX emissions owing to the oxygen content of the fuel.
On the other hand, in spite of the many advantages of biodiesel, its production is still costly in many parts of the world, thus preventing its penetration and diffusion in the global market. A reasonable alternative could be the direct use of crude vegetable oils. Nevertheless, there are also some drawbacks attributed to the application of straight vegetable oils such as low volatility and high viscosity (about 10 to 15 times the viscosity of diesel fuel) (Shaheed and Swain, 1999 Sharon et al., 2012a) . In internal combustion engines, carbon deposits originate from the incomplete combustion of fuel and thermal cracking of both fuel and lubricant inside the cylinder. These deposits are mainly constituted by carbon residues (commonly referred to as ash), carbonaceous mixtures (soot) and oxygenated resinous substances.
To solve the problems associated with the direct use of crude vegetable oils in CI engines, different treatments may be employed such as preheating (Nwafor, 2003 Yusaf et al., 2011) . The results obtained in these studies were indicative of favourable performance parameters in terms of both power generation and energy conversion efficiency. Moreover, the environmental impacts attributed with the direct use of these oils were also found promising leading to regulated emissions (CO, HC, NOX, PM) comparable with those of OD, with some variations depending on a given vegetable oil used. However, the higher viscosity and lower volatility of crude vegetable oils were also highlighted as the reasons behind occasional increases in some emissions in comparison with diesel fuel.
A key issue not yet totally resolved is the long-term operation compatibility of crude vegetable oil in both vehicle and stationary engines. As an example and as mentioned earlier, the deposits formed in the combustion chamber in response to the utilization of these oils could strongly influence in-cylinder thermodynamic processes and may seriously compromise both engine performance and emissions (Kalam and ). An excessive production of carbon deposits could lead to increased engine compression ratio and gas leakage through valve seats (Heywood, 1988) . Under the most severe conditions, engine breakdown cases could also take place (Husnawan et al., 2009 ). Moreover, due to their lower thermal conductivity, carbon deposits may also cause increases in incylinder temperature, thus increasing NOX emissions by up to 30% (Heywood, 1988; Kalam and Masjuki, 2004; Ye et al., 2007) . Deposits or coking at injectors` tips could further deteriorate fuel injection process resulting in poor fuel atomization and mixing with air. This in turn results in misfires (and hence, power loss) as well high particulate and hydrocarbon emissions.
In addition to deposit formation, engine wear problems may also arise due to the use of straight vegetable oils. More specifically, the alreadymentioned poor nebulization effect is often followed by deep in-cylinder penetration of fuel jet, which could result in a serious contamination and dilution of the lubricant, whose properties may deteriorate causing high friction losses and engine wears (Caine et hours) of CPO on large engines have not been documented yet. In light of that, a methodical experimental investigation on a large stationary CI engine was set herein with the aim to ascertain the influences of CPO usage on both in-cylinder deposits and engine wears during 300 h endurance tests.
Materials and Methods
The palm oil used in the tests was refined based on the Short-Mix process (Erickson, 1990) , and its properties are presented in Table 1 . Figure 1 reports on the measured kinematic viscosity of both the CPO and diesel fuel used in the tests, as a function of temperature. As can be observed, CPO is characterized by a high viscosity at low temperatures, i.e., it is almost solid at the ambient temperature, reaching the viscosity of 40 cSt at 40 °C. The adoption of a viscosity reduction measure is therefore mandatory for using palm oil in a CI engine, above all when extended running periods are planned. Considering the strong influence of temperature on palm oil viscosity (as shown in Figure  1 ), the most simple method to improve its fluidity would be by heating. In light of that, the effect of preheating temperature on both in-cylinder deposits and engine wear in response to the prolonged use of CPO in a stationary large CI engine was investigated in the present study. To achieve that, a wide series of test and measurements were performed adopting two different preheating temperatures, i.e., 60 °C and 80 °C (hereinafter CPO60 and CPO80, respectively). For comparison purposes, the same tests were replicated using OD, whose viscosity at 40 °C was about 2.5 cSt (Figure 1 ). The same diagram shows that at 60 °C and 80 °C, palm oil viscosity was reduced to 21.4 cSt and 11.8 cSt, respectively, thus making pumping and injection possible. The tests were conducted on a Scania DC16 44A whose main characteristics are tabulated in Table 2 . Scania DC16 44A is a large multi-cylinder stationary CI engine dedicated to power production and was connected to a Marelli MJB355SB generator in the present study. This constitutes another innovative aspect of the present work, since according to the existing literature, the research on the use of CPO has been limited to small single cylinder engines (Lim et al., 2002; Kalam and Masjuki, 2004; Basinger et al., 2010) . This is important, as sometimes the results obtained on small systems are hardly extensible to large direct injection CI engines. Moreover, the engine employed herein was compatible with both running on 100% biodiesel as well as mixtures of diesel fuel and straight vegetable oil. CPO preheating was performed prior to its introduction into the pump and fuel lines. The unavoidable heat transfer from engine head to fuel lines also caused a further temperature increment. This means that the actual temperature reached by CPO just before injection was higher than the preheating temperature but measuring this temperature during normal operation of the engine was not possible. Nevertheless, measurements of the fuel temperature in the returning line (which were possible only during the set-up phase) revealed an increment of about 10 °C with respect to the preheating temperature adopted.
For each tested fuel and preheating temperature, the engine was operated at the constant speed of 1500 rpm for 300 consecutive h, 14 h each day. Dealing with continuous engine operation, power output was limited, as recommended by the engine manufacturer, to 70% of rated power, i.e. roughly 337 kW, corresponding to a brake mean effective pressure (BMEP) of 17.3 bar. At the beginning and at the end of every working day, the engine was operated for 15 min with OD with the aim to maintain both fuel pump and fuel line clean. After each test period of 300 h, each cylinder of the engine was disassembled to scrape out the carbon deposits from piston crowns, cylinder heads, valves, and injectors. Moreover, with the aim to limit the influence of each test on the subsequent test as much as possible, at the end of each 300 h test period, the entire charge of lubricating oil (40 L) was changed together with oil filter. Moreover, the oil purifier of the engine was cleaned up and the injector tips were replaced.
With the aim to characterize the composition of the collected deposits, a thermogravimetric analysis (TGA) was performed using a NETZSCH STA 409 Thermal Analyser. The procedure included a progressive heating of the deposit sample and simultaneous measurement of its weight change as function of temperature. The weight change was caused through the interaction of the sample with its surrounding atmosphere until weight stabilization. The heating process was repeated twice, employing two different kinds of atmospheres: a non-oxidative atmosphere for the estimation of the volatile fraction and an oxidative atmosphere to determine the carbon fraction.
Results and Discussion

Engine deposits
For each considered fuel and preheating temperature and following a running period of 300 consecutive h, deposits were carefully removed from Please cite this article as: Pipitone E., Costanza A. An experimental investigation on the long-term compatibility of preheated crude palm oil in a large compression ignition diesel engine. Biofuel Research Journal 20 (2018) 900-908. DOI: 10.18331/BRJ2018.5.4.5 the cylinder heads, piston crowns, valves, and injectors. Each collected carbon deposit was dried in an oven at 105 °C to remove water and was successively cooled in a desiccator. Figure 2 reports on the amount of deposits collected by using the two preheated palm oils and the OD. As can be observed, the use of CPO60 caused a remarkable increment of in-cylinder deposits (53%) with respect to OD, while the higher preheating temperature of 80 °C substantially reduced the formation of deposits (12% increment in comparison with OD). Incomplete combustion of fuel and thermal cracking of both fuel and lubricant are regarded as the main reason behind the formation of carbon deposits. Considering that the entire lubricant charge was substituted before each fuel test, the considerable carbon deposits increment recorded using CPO60 could be entirely ascribed to the high viscosity of the fuel, (roughly 9 times the viscosity of OD). This resulted in a very poor jet nebulization, thus increasing the number and size of unburned fuel droplets in the combustion chamber and consequently causing more carbon deposits. Preheating CPO up to 80 °C reduced fuel viscosity by half, thus improved fuel jet nebulization and reduced in cylinder deposits. Figure 3a reveals the weight loss trend of each deposit sample during the non-oxidative heating. The recorded mass reduction, between 60 and 70%, represents the amount of volatile substances of each deposit sample. The successive heating of each residual sample mass was performed in the oxidative environment (Figure 3b) . The second mass loss represents the amount of nonvolatile reactive substances present in each deposit sample, i.e., the carbon fraction. Hence, the remaining mass represents the amount of non-volatile and non-reactive substances of each deposit sample, usually referred to as ash. The summary of the TGA results is summarized in Figure 4 . Accordingly, it could be concluded that the low preheating temperature could cause substantial increases in the ash content of the in-cylinder deposits. Considering the high thermal insulating effect of ashes and the increment in the total amount of incylinder deposit recorded using CPO60 (Fig. 2) , higher in-cylinder temperatures and consequently increased NOX emissions would be expected (Ye et al., 2007) . Preheating CPO to 80 °C resulted in a similar carbon fraction to that of OD (i.e., 29%), while prehearing at 60 °C led to a slightly higher fraction of 31%. This confirmed that a more complete combustion was achieved by increasing the preheating temperature of CPO.
Separately weighing the deposits collected from valves, injectors, cylinder heads and piston crowns, also allowed the evaluation of the in-cylinder distribution of the carbon deposit. The improvements (reduction in weight of deposits) caused by increasing preheating temperature from 60 to 80 o C are shown in Figure 5 . More specifically, a carbon deposit reduction of 38% on cylinder heads, 43% on engine valves, 30% on injectors, and 35% on piston crowns were recorded.
Lubricant analysis
As well known, the basic function of engine lubricants is to reduce mechanical friction between moving elements and prevent their wear. In addition to that, engine lubricants also act as heat transfer agents between combustion-heated parts and heat-dissipating system, sealant between pistons and cylinders, and finally as cleaning agent removing deposits and contaminants, which could block oil passages and impair the lubricating system. All these actions contribute to the degradation of lubricants (viscosity changes) over time. A too low viscosity would allow metal-tometal contacts and consequently, lead to increased engine wear. While a too high viscosity could increase both the energy required to operate the mechanism and the local heat generation. In the present study, two main factors could contribute to lubricant viscosity alterations, which could be accompanied with serious engine wears; 1) dilution by fuel and 2) soot contamination. As already pointed out, when straight vegetable oils are used as fuel in CI engines, their high viscosities could lead to poor fuel jet nebulisation, thus causing incomplete combustions and higher in-cylinder carbon deposits (Fig. 2) . These deposits could partially be transferred to lubricant as soot. Increasing the soot content of the lubricant not only increments its viscosity, but also owing to the abrasive action of the contaminants, increases the risk of engine wear. On the other hand, a poor fuel jet nebulisation could also result in deeper in-cylinder jet penetration and wall impingement, thus increasing the amount of diluted fuel in the lubricant. The contamination of lubricant by fuel (usually referred to as fuel dilution) is accompanied by marked lubricant viscosity reduction. A dilution of 5% by volume could reduce lubricant viscosity by approximately 25%, and is usually considered as a clear indication of the need for lubricant change. Fuel dilution is still one of the most important lubricant failure modes in internal combustion engines and usually occurs due to improper air/fuel ratios, excessive piston ring wears, or defective injectors.
The lubricant employed in the present tests was the Total Rubia S40, which is suitable for large diesel engines and complies with the ACEA E2, API CF/SF, and SAE Grade 40 specifications. With the aim to ascertain the level of engine lubricant contamination caused by the prolonged use of preheated CPO and to understand the effect of preheating temperature, lubricant samples were collected and analysed after the first 100 running hours and then every 50 h until the end of the 300 h experiments. Figure 6a shows the soot content of the lubricant samples as function of engine running time. Accordingly, soot concentration in the lubricant reached 4.8 wt.% after 300 h when the engine was operated on OD while considerably higher soot concentrations were recorded in response to CPO combustion. More specifically, CPO60 and CPO80 led to lubricant soot concentrations of 8.9 wt.% and 6.7 wt.% after 300 h of operation (i.e., 85% and 40% increases vs. OD).
The same lubricant samples were also examined to determine the level of fuel dilution. As depicted in Figure 6b , a 3.0% (v/v) fuel dilution was measured for OD after 100 h of operation, reaching 6.1% (v/v) by the end of the 300 h experiment. The data recorded for CPO revealed significantly higher fuel dilution values. CPO60 was associated with a 5.8% (v/v) fuel dilution after the first 100 h of operation (i.e., a 93% increment in comparison with that of the OD) and 11.8% (v/v) upon the completion of the experiment. Similar to the results obtained for soot contamination, increasing the preheating temperature to 80 °C discounted the fuel dilution phenomenon by over 50%.
Given the higher viscosity of CPO vs. OD (Fig. 1) as well as its stronger soot contamination impact (Fig. 6a) , changes in lubricant viscosity were also checked to take into account the combined effect of soot and fuel contaminations. Figure 7a report on the lubricant viscosity measured at 40 °C. As can be observed, the use of both OD and CPO caused a progressive deterioration of the lubricant viscosity reduction. However, more pronounced reductions were observed when the engine was operated with CPO and in particular at the lower preheating temperature. When dealing with internal combustion engine, lubricant viscosity measurements should also be carried out at 100 °C in order to look into lubricant suitability under the real operating conditions. The results of these measurements as a function of engine running time and for each fuel and preheating temperature are presented in Figure 7b . Accordingly, the lubricant viscosities measured for OD and CPO80 decreased with almost similar trends up to end of the test period (300 h), while the use of CPO60 caused a marked decline just after 150 h of operation.
Based on engine operation manual and lubricant specifications, complete lubricant change should be performed when lubricant viscosity at 100 °C falls below 10 cSt. An alternative indication given in the same manual states that when using OD, complete lubricant change should be carried out every 400 h even without needing to check lubricant condition Please cite this article as: Pipitone E., Costanza A. An experimental investigation on the long-term compatibility of preheated crude palm oil in a large compression ignition diesel engine. Biofuel Research Journal 20 (2018) 900-908. DOI: 10.18331/BRJ2018.5.4.5 or viscosity. As can be deduced from the data reported in Figure 7b , the minimum viscosity limit of 10 cSt was not reached when running the engine with OD for 300 h. By data extrapolation, it could be estimated that the minimum viscosity limit would be reached after 380 h of continuous operation on OD, quite close to the 400 h indicated by the engine manufacturer. On the contrary, only 220 h of operation on CPO60 was enough to reduce the lubricant viscosity below the threshold of 10 cSt. This means a 42% reduction in operating time compared to OD. Preheating at 80 °C partially extended the operating time to 300 h (i.e., 20% less compared with OD) before a complete lubricant change was mandatory (Fig. 7b) . In another word, there was a 34% (76 h) difference between engine operation using CPO60 and CPO80 highlighting the significance of the treatment implemented from the maintenance and consequently economic viewpoints. Given the high levels of soot and fuel contamination detected in the lubricant as well as the resulting unfavourable impacts on lubricant viscosity vs. operation time, the lubricant samples were also analysed by atomic absorption spectroscopy (AAS) to detect and quantify the presence of metals in the lubricant (in ppm) indicating engine wear (Caine et al., 2004) . This in fact indirectly revealed the mechanical state of the engine.
Iron is the most common wear metals and its presence in engine lubricant is associated with the occurrence of wear in piston rings, valve train, rocker arms and cylinder liners. The typical concentration of iron in engine lubricant is in the range 30-70 ppm, while 100 ppm is considered as a warning value (Caine et al., 2004; Holloway, 2007) . Figure 8a shows the concentration of iron detected in the lubricant samples as a function of engine running time. When using CPO and up to 250 h of operation, slightly higher iron concentrations (approx. 20 ppm) were recorded in the lubricant compared to OD. However, just beyond 250 h of operation, rapid increases in iron concentrations were observed for both CPO60 and CPO80, crossing the concertation threshold of 100 ppm. By the end of the 300 h experiment, the iron content of the lubricants stood at 168 ppm and 147 ppm for CPO60 and CPO80, respectively. While, the iron content of the lubricant when using OD, stayed just below the 100-ppm threshold throughout the operation. This finding highlights the necessity to carefully consider the extension of the engine continuous operation period when using CPO through accurate lubricant analysis. The presence of copper in engine lubricant is usually associated with wear in valve train bushings, wrist pin bushings, cam bushings, and connecting rods bearings. Normal levels of copper in engine lubricant range between 15 and 25 ppm, while 50 ppm is considered as a warning value (Caine et al., 2004; Holloway, 2007) . Figure 8b reports on the copper concentration measured in the lubricant samples. Similar increasing trends were observed all the tested fuels, CPO gave rise to higher cupper concentrations vs. OD though. At the end of the 300 h running period, the use of OD was associated with a 64 ppm copper concentration in the lubricant while 30% and 16% higher concentrations were measured for CPO60 and CPO80, respectively.
The presence of lead in engine lubricant is also considered as another indicator of engine wear mostly attributed to bearings (main bearings, connecting rod bearings) or antifriction surfaces. Lead concentration in lubricant should range between 20 and 40 ppm, while the warning value is considered to be 50 ppm (Caine et al., 2004; Holloway, 2007) . As can be observed in Figure 9a , very low levels of lead were detected in the lubricant samples collected using both CPO and OD, i.e., safely under the warning value in spite of their increasing trends. Nevertheless, given the recent ban on lead by the European Union End of Life Vehicle (ELV) Directive, even very low concentrations of metals such as lead (in used engine lubricant for instance) could be challenging. As presented, CPO resulted in higher concentrations of lead in engine lubricant and this should be considered when targeting the application of straight vegetable oils such as CPO.
The presence of aluminium in engine lubricant can be traced back to piston scuffing and the levels generally recorded range between 10 and 20 ppm, with 25 ppm regarded as the warning value (Caine et al., 2004; Holloway, 2007) . Figure 9b shows the aluminium concentrations measured in the lubricant samples throughout the 300 h operation period. All the three fuels were characterized by rising trends vs. time, with CPO60 leading to the highest aluminium concentrations. However, all these values were considerably lower than the values generally reported in the literature. This could be probably ascribed to the particular piston adopted in the engine tested herein, which had an aluminium body and a steel crown.
Conclusions and practical implications
Extensive series of endurance tests were performed on a large, 8 cylinder, stationary CI engine (operated at 1500 rpm, 70% full load for 300 consecutive h -14 h/d) with the aim to ascertain the influence of the preheating temperature on both carbon deposits and engine wear caused by the prolonged use of CPO in comparison with OD. The results obtained were indicative of the favourable impact of preheating of CPO at higher temperatures (i.e., 80 o C) on reducing oil viscosity, which consequently led to more efficient fuel jet nebulization and more complete combustion process. In response to these improved attributes, both deposit formation and engine wear were reduced substantially. More specifically, increasing the preheating temperature from 60 °C to 80 °C allowed a carbon deposits reduction of 38% on cylinder heads, 43% on engine valves, 30% on injectors, and 35% on piston crowns.
The application of CPO was found to result in alterations in the viscosity of engine lubricant. This could be explained by the unfavourable phenomena triggered by using CPO as fuel, i.e., fuel dilution and soot contamination. CPO and in particular at lower preheating temperature led to substantially higher soot accumulation in the lubricant throughout the 300 h of operation (40 and 85% increment at 60 o C and 80 o C preheating temperatures, respectively, compared with OD). Such high levels of soot contamination could cause sharp increases in lubricant viscosity. Similarly, fuel content in the lubricant was found to experience sharper increases as a function of engine operation time in response to the utilization of CPO against OD. Overall, for all the tested fuels, the effect of fuel dilution on lubricant properties prevailed that of soot contamination, causing a general viscosity decrease against operation time. The reduction was clearly more pronounced using CPO, above all using the lower preheating temperature. Accordingly, by taking into consideration the minimum lubricant viscosity limit of 10 cSt (at 100 °C), it could be concluded that using CPO60 and CPO80, continuous engine operation period (i.e., 400 h without a complete lubricant change) should be reduced by at 40% and 20%, respectively. It is suggested to take similar precautions when planning to fuel CI engines with other types of straight vegetable oils.
Finally and as revealed by the AAS analysis, generally higher levels of wear-related metals were measured in the lubricant samples associated with CPO and in particular at the lower preheating temperature. Among these metals, iron concentration in the engine lubricant well exceeded the warning threshold in response to using CPO, above all with the lower preheating temperature. Accordingly, it could be deduced that when fuelling the engine with CPO, the extension of the continuous engine operation beyond 250 h should be carefully evaluated. 
